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ABSTRACT
The strength and stability of a well depends primarily on the seal that is created between a
geologic formation and a wellbore cement. To protect and maintain this well integrity during
production and after well abandonment, fixed seals are installed in the wellbore. For this purpose,
Portland cement of class H and G are used throughout the world as a plugging and sealing material
for offshore oil and gas wells. The cement-rock interface is an area of vulnerability with a pathway
that provides possible routes for leakage out into the wellbore environment and in proximity of the
seals. Therefore, this plugging and abandonment process entails the need for understanding the
bonding between subsurface rocks and cement.
The goal of this research work was to investigate and study the interface between high
density class H cement and three different rock formations (sandstone, limestone and shale) and
the effect of mineralogical composition on the interfacial bonding. In order to analyze the influence
of the different lithologies and formation rocks' microstructure on wellbore cement–rock bonding,
semi-circular bend test (SCBT) experiments were performed, indentation tests at μm scale were
conducted and scanning electron microscopy (SEM) X-ray technique was used to map chemical
and mineralogical compositions of the cement, rock and their interface. Microphotographs of the
bi-material samples, prepared by curing cement to formation rock under high pressure and
temperature, taken via back scattered electron and secondary electron modes helped in estimating
the spatial chemical element distribution and microstructural properties of the samples.
Results from this study indicated 1) Cement-sandstone interface had the highest hardness
values while cement-limestone interfacial zone showed ductile characteristics. The interface for
both these bi-material samples were clearly visible under low resolution SEM images. 2) The
cement-shale interface was brittle in nature and the boundary between the two composites was
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indistinct in low resolution SEM images. 3. Cement-sandstone bi-material had the highest fracture
toughness. Significant contrast was observed in the fracture toughness of cement-shale samples
while the cement-limestone heterogenous material had fracture toughness lower than cementsandstone but within the wide range of cement-shale fracture toughness.
This research work intends to fill the current research gap in the field by identifying any
similarities or differences amongst the bonded bi-material samples studied for improved
understanding of rock-cement interfaces using a combination of SCBT, SEM and indentation
technique to monitor the interdependence of geochemical and geomechanical variations and
microstructure characterization

x

1. INTRODUCTION
1.1. PROBLEM STATEMENT
When a well has produced to its full capacity and is considered to have reached its end of
life, it becomes essential for it to be permanently plugged before it is abandoned. This process is
generally comprised of installing numerous cement plugs inside the wellbore, in order to sequester
the reservoir and other fluid-bearing formations from the wellbore (Vralstad et al., 2019). To
permanently plug and abandon the wells has been a significant subject matter for many years, but
due to a presence of many mature offshore wells in regions like the Gulf of Mexico and the North
Sea, this focus has increased immensely in recent years.
An important aspect of plugging and abandonment (P&A) is the protection of well integrity
after abandonment. In earlier years, regulations that described P&A processes were inadequate and
vague, and thus, not enough attention was placed on ensuring proper well plugging (NPC, 2011).
This has caused several old, plugged wells to leak after abandonment (Kaiser, 2017; Vielstädte et
al., 2015; Watson et al., 2009). The 2010 BP Macondo accident and other succeeding critical oil
spills like Little Buffalo oil spill and Northeast Brazil oil spill have pushed the petroleum industry
in recent years towards making a few important modifications in their approach towards P&A
through the new developments in technology and regulatory regimes (Smith et al., 2013). The
main priority of P&A operations, in addition to cost efficiency, is now to impede ecological
problems which includes preventing leakages.
In offshore settings, Portland cement class H and G of the American Petroleum Institute
(API) is a frequently utilized plugging material (Vralstad et al., 2019). Cement is a product created
by heating lime, alumina, silica and iron oxide in a kiln at high temperatures (Hewlett, 2003;
Taylor, 1997; Lea, 1970). This amalgam contains four essential compounds: tricalcium silicate
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(Ca3SiO5), tricalcium aluminate (Ca3Al2O6), dicalcium silicate (Ca2SiO4), and tetra calcium
aluminoferrite (Ca4Al2Fe2O10) (Taylor, 1997). The resulting product is incorporated with
additives during the production of cement in order to enhance certain characteristics such as ecofriendly, lower price and more reliable setting (Carragher et al., 2018; Broni-Bediako et al., 2016).
These additives are widely categorized into retarders, accelerators, extenders, dispersants,
weighing agents, lost-circulation control agents, fluid-loss control agents, and special additives
(Nelson, 1990).
When considering the process of plugging and abandonment, an important consideration
for the subsurface is the interactivity between formation and cement. Understanding the chemical
process of bonding to subsurface formations is critical for the evaluation and enhancement of
cement performance in plugged and abandoned wells. An inadequate cement bond with the
formation rock causes a zone of weakness at the interface leading to failure of the cement sheath,
resulting in poor zonal isolation which is hazardous to the environment (Labus et al., 2016).
Debonding is caused by several mechanisms, such as mechanical loads due to variable in-situ
stresses, thermal stresses caused by thermal cycling (Lavrov et al., 2013), shrinkage during cement
curing, or by inefficient mud removal during plug placement, or through a combination of both
(Vralstad et al., 2019). With a few exceptions, comprehensive investigations of rock–cement
interactions are scarce (Walsh et al., 2013). One example is the cement–rock–casing interaction
studied on samples collected from a CO2 injection well in the United States (Carey, 2007). In oil
well P&A, interfaces between cement-rock-casing are a typical frail zone. Investigations into the
cement bonding to a sandstone wall confirmed that a near-wall zone or interfacial transition zone
grows along the cement-wall interface which eventually leads to debonding and fracturing
(Torsæter et al., 2015).
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The Scanning Electron Microscope (SEM) X-ray is an experimental tool used to determine
the composition of the constituents of a cement (Bentz et al., 2000). As the technology of the
electron microscope is advancing, the usefulness of the SEM is being recognized more and more
(Wagner et al., 1993). The SEM generates an electron beam and focuses it over a specimen surface
which then strikes it and produces signals detected as backscattered electrons (BSE) followed by
secondary electrons (SE) and finally as X-rays. These signals help in estimating the spatial
chemical element distribution and microstructural properties of the samples being tested. SEM XRay is a better technique than BSE or SE to determine the constituents in the sample because the
results are more precise, reason being, the evaluation and measurements using this method is
conducted from the mineral constituents itself (Bentz et al., 2000; Bentz et al., 1994; Taylor, 1989).
A significant amount of work is present in literature on the casing interface; however, the
cement-rock interface is an aspect which has not been very commonly addressed in such interface
studies. This calls for a need to investigate the effects of rock types and mineralogical composition
on cement-rock interfacial bonding. This study aims to fill the current research gap in the field by
using analytical techniques like scanning electron microscope to understand the interaction
between plugging cement (provided by a service company, the chemical composition of which is
not disclosed at this time) and three main formation rock types, such as sandstone, shale and
limestone.
1.2. RESEARCH GOALS AND OBJECTIVES
The main goal of this research work is to investigate the interface between high density
plugging cement and formation rocks. The research objectives are:
a)

To cure cement to rock under high temperature and pressure conditions;

b)

To map the chemical and mineralogical compositions of the cement and

rock and their interface using SEM;
3

c)

To compare the mechanical property i.e., fracture toughness and micro-

hardness, of the three different bonded bi-material samples; and
d)

To delineate any differences or similarities amongst the samples studied for

improved understanding of rock-cement interfaces.
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2. BACKGROUND AND LITERATURE REVIEW
Various studies have been done on different subsurface rocks that come in contact with the
wellbore cement, namely siltstone (Fischer et al., 2013), basalt (Jung et al., 2013 and 2014), clayrich argillite (Gherardi et al., 2013), granite (Soler et al., 2010), limestone (Duguid et al., 2010;
Gherardi et al., 2012), shale and sandstone (Carroll et al., 2011). Reaction of carbon dioxide (CO2)
with cement-rock, at reservoir pressure and temperature, significantly alters the solution
composition (Carroll et al, 2011). Wellbores, susceptible to CO2 exposure lasting more than 30
years, lack stability. Therefore, the most important problem affecting the performance of a
wellbore system in a CO2-sequestrated reservoir is the casing–cement and cement–rock interface
(Carey et al; 2007). While cement–sandstone reactions typically experience iron and amorphous
silica precipitation, variations in shale structures in presence of CO2-rich brines are almost
negligible (Carroll et al, 2011). However, studies show that alterations in cement by CO2 and CO2–
saturated water usually take place along the steel–cement and cement–rock (basalt) interfaces
(Jung et al, 2013 and 2014). This signifies the vulnerability of the cement–host rock/steel casing
interface to a CO2 attack in a wellbore environment. Hence, additional investigation of cement
degradation along such interfaces is critical.
Understanding the effect of the interfacial transition zone (ITZ) on the well cement stability
can help identify the dependence of the bonding and fracturing of cement on the curvature of the
rock-cement interface (Torsaeter, 2015). Autoclave reactor experiments help distinguish the
textural and mineralogical alterations in the cement–rock. Rock and wellbore cement samples,
both, react with and in presence of CO2–saturated brine (Labus et al., 2016 and Lorek et al., 2016)
indicating the dependency of cement–rock interface performance on the rock lithology. Evidence
of processes such as corrosion and dissolution are observed in most of the examined samples which
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intensify over time, with anhydrite, gypsum, and calcite being the most vulnerable minerals to
dissolution. Computer modeling is another method to understand reaction products that modify
the interfaces between cement and rock. Studies show the presence of a highly carbonated and
compacted layer within shale causing the occurrence of cement-shale separation. Furthermore,
anhydrite dissolution has been identified in experimental studies to be the most important reaction
observed in a cement-anhydrite interface. Higher porosity increases the susceptibility to mineral
dissolution in a cement-rock interface. Experimental work into physical properties such as tensile
and shear bond strength of rock-cement plugs indicate that under, both, direct tension and
unconfined compression, structural failures occur in the rock-part rather than the cement-part or
the interface itself (Cerasi, 2015).
2.1. SHALE
There are several types of sedimentary rocks including sandstone, limestone, siltstone,
breccia etc. but the one existing in the largest abundance is shale. The formation and
deposition of shale occurs after undergoing mineralogical alterations and compression of surplus
formation water at differing pressures and temperatures. The primary two processes that give shale
its abundant silt/clay quantity, laminated structure and fissile feature are transformation and
neoformation. Transformation is a mechanism when a clay mineral, which is new, receives from
the former existing material a portion of its silicate skeleton, while neoformation is when the
previous mineral structure is not received and there is crystallization of a new mineral by
precipitation from solution (Diaz-Perez et al., 2007). Clay minerals occur when older bigger
continental rocks, soils and organic matter are eroded, and weathering takes place in an
environment that supports formation of shale. Processes such as hydrothermal alterations,
chemical weathering, creation and development of diagenetic and authigenic minerals leads to
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formation of finer clay sized particles from bigger segments (Diaz-Perez et al., 2007; Du et al.,
2017a).
Shale consists of carbonate- and silica-dominant minerals but the majority mineral that
shale comprises is clay minerals. Carbonate (dolomite, calcite etc.) and silica-based minerals
(quartz, plagioclase etc.) provide shale its geomechanical strength. The usual minerals that
compose shale are categorized and listed in Table 2.1. Weaver and Shaw (1965) reported the mean
percentage of different minerals that are present in shale. The study based on a sample size of three
hundred rocks showed clay minerals as major constituent (60.9%) followed by quartz (30.8%),
feldspar (4.5%), carbonate (3.6%) with trace amounts of organic material (1%), iron oxides (less
than 0.5%) and other material (2%) (Shaw and Weaver, 1965). The suitable shale composition that
makes it an incredible subsurface barrier material is the one with high clay quantity. This
composition improves shale’s absorption capacities and reduces dissolution and lowers
permeability (Tournassat et al., 2015).
Table 2. 1. Mineralogical composition of shale and their general formula (Bregaya et al., 2013;
Drever, 1982; Hussain et al., 1996; Yu et al., 2017)
Categories

Tectosilicates

Phyllosilicates

Minerals

Generic Formulas

Quartz

SiO2

K-Feldspar

KAlSi3O8

Plagioclase

NaAlSi3O8 – CaAl2Si2O8

Chlorite

(Mg,Fe)3(Si,Al)4O10(OH)2.(Mg,Fe)3(OH)6

Illite

(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10((OH)2,(H2))

Kaolinite

Al2Si2O5(OH)4

Smectite

(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2.nH2O

(table cont’d)
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(table cont’d)

Other Minerals
(Primarily
Carbonates)

Calcite

CaCO3

Dolomite

CaMg(CO3)2

Pyrite

FeS2

Halite

NaCl

Hematite

Fe2O3

Ankerite

Ca(Fe,Mg,Mn)(CO3)2

Siderite

FeCO3

Fluorapatite

Ca(PO4)3F

The recent interest into the study and exploration of clay is because of two main reasons:
it’s remarkable properties and being the most abundant component in shale. The presence of
greater oxygen than silicon, magnesium, or aluminum in natural clays’ composition makes them
heterogenous and is therefore deemed as hydroxides of Si, Al or Mg (Bergaya and Lagaly, 2013).
Smectite, illite and kaolinite, all categorized as clay, are the main constituents of shale. The link
between the usefulness of shale and its various composition was highlighted by Bourg (2015). The
most important factor, clay mineral amount, was established as the feature that manages the
material characteristics of these rocks. For operations such as nuclear waste storage and carbon
capture and storage the ideal shale to act as a caprock or sealant is with clay quantity greater than
35%. High clay content in shale improves the resistance to creation of fracture and reduces the
permeability (Du et al., 2017a.). The low clay content shale is preferrable for drawing out
unconventional oil and gas since hydraulic fracturing can done to increase the permeability of the
rock (Bourg, 2015).
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The fundamental elements that form clay include silicon, aluminum, oxygen, hydrogen in
addition to iron, magnesium, potassium and sodium. Tetrahedrons and Octahedrons are the two
basic units that make majority of clay minerals (Figure 2.1). There are two proportions that
tetrahedron and octahedron can be in, to make a layered structure, 1:1 and 2:1. Kaolinite has a 1:1
layer structure in which one tetrahedron and one octahedron are in a repeating pattern while in
smectite there is one octahedron between two tetrahedrons making it a 2:1 proportion layer
structure. Tetrahedrons and Octahedrons building blocks and the simplified version of the layer
structure for both kaolinite (1:1) and smectite (2:2) can be seen in Figure 2.1.

Figure 2. 1. Tetrahedron and Octahedron building blocks and layer structure in clay minerals
(Figures redrawn from Nelson, 2015)
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The clay particles are formed by these sheet arrangements and the positioning of these particles
result in distinct shape, sizes and structures which include fibers minute tubular structure and
plates. This is the primary reason why clay minerals have pores of different morphologies i.e.,
inter-particle, interlayer, inter aggregate pores) (Bergaya and Lagaly, 2013). The structure of the
most usual clay particles: Smectite, Kaolinite and Illite be seen in Figure 2.2. As compared to other
minerals, clay minerals due to their microstructure, have greater surface area (Van Olphen, 1963;
Van Olphen and Fripiat, 1979; Drever, 1982). The clay is also compared to quartz because of its
surface area. (Katsube et al., 2003; Bergaya and Lagaly, 2013; Ag Source Laboratories, 2017).

Figure 2. 2. Diagram of three clay structures. a. (T-O) 1:1 layer (kaolinite) b. (T-O-T) 2:1 layer
non-expandable (illite) c. (T-O-T) 2:1 layer expandable (smectite). (Figures redraw from
Mitchel, 1993)
The low permeability of shale is attributed to its process of diagenetic underground
development which includes clay dehydration and staying buried under the pressure of overlying
layers. The multi-scale and tight-packing structure identified in the rock is an outcome of tectonic
compaction taking place for centuries. (Iverson et al., 2008; Jennings et al., 2007; Thomas and
Jennings, 2003). Shale a compositionally heterogenous and multiple-phase rock has tiny interstitial
spaces and particle size making it very hard for any fluid i.e., oil, gas or water to advance with in
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or flow past the material structure. The ability of shale to withstand the exerted fluid pressure and
restrict the movement of water and hydrocarbon makes it a good cap rock. Shale, a low permeable
rock, has sufficiently large number of interstitial spaces that act as structures or traps to accumulate
fluids, not allowing them to migrate. To increase the permeability and porosity of shale, the
petroleum industry is making use of techniques like fracking and directional drilling to stimulate
the follow of fluid by producing fractures to create interconnections or pathways inside the rock,
hence overcoming shale limitations (King, 2019).
2.2. PORTLAND CEMENT
In the oil and gas industry all over the world, the most widely used subsurface cement for
cement slurries is Portland cement (Nelson, 1990). The main application of Portland cement, in
petroleum industry, can be divided into three areas: plug and abandonment, remedial wellbore
cementing and primary cementing. The primary function of cement is to restrict the flow and
movement of underground fluids to the surface by acting as a barrier to isolate zones.
The four unhydrated minerals that Portland cement is composed of are tricalcium silicate
(C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A) and tetracalcium aluminoferrite
(C4AF) (Nelson, 1990). The two silicate phases constitute 75 to 85 percent of the cement. Table
2.2 shows the mineralogical composition of Portland cement.
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Table 2. 2. Cement constituents and composition (Bentz et al., 2000; Lea. 1970; Taylor, 1989,
1997)
Constituents

General Compositions (%)
Standard

Modified
SEM X-Ray

Bogue

Bogue

Tricalcium Silicate

55.4

64.7

62.1

Dicalcium Silicate

19.76

14.4

16.4

Tricalcium Aluminate

6.6

3.47

6.2

Tetracalcium Aluminoferrite

9.3

10.8

8.6

Insoluble Residue

0.16

0.16

0.16

Sulphur trioxide

1.9 – 3

1.9 – 3

1.9 – 3

Magnesia

0.69 – 6

0.69 – 6

0.69 – 6

Alkali

0.3 – 0.75

0.3 – 0.75

0.3 – 0.75

Free Lime

0.64

0.64

0.64

Gypsum

2

2

2

Loss on Ignition

0.81

0.81

0.81

The two reactants, limestone and clay, react at a temperature of 14800C to form the
Anhydrous cement clinker. These are anhydrous compounds and result in hydrated compounds
after their reaction with water. The exothermic reaction of cement with water results in the
formation of slurry, however, there still remains cement particles that are anhydrous after the
hardening of cement paste and after a period of 28 days the extent of hydrations is unchanged
(Hewlett, 2004). The cement hardening can take place in different environments i.e., in air or
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undersea, generating heat in the process. The products of the exothermic reaction are calcium
hydroxide i.e., approximately 20 percent and calcium silicate hydrate i.e., roughly 70 percent, as
well as small amount of ettringite seen in table 2.3.
Table 2. 3. Hydrated cement products
Hydrated
Products

Notation

Mineral Name

Chemical Formula

Concentration

Calcium Silicate
Hydrate

CSH

Jennite
Tobermorite

3CaO.2SiO2.3H2O

50 – 70

Calcium
Hydroxide

CH

Portlandite

Ca(OH)2

15 – 25

Ettringite

Ca6Al2(SO4)3(OH)12.26H20

Among the two primary products, non-crystalline calcium silicate hydrate, is the compound
that determines the strength of the hardened paste since it is the phase that binds the matrix (Taylor,
1997). Ettringite is also one of the products of the cement water reaction and plays a vital role
during the reaction in connecting various minerals. The calcium hydroxide in the final product is
maintained by the alkalinity of the material, while the water-cement ratio in the cement controls
its alkalinity. The pore water present in the cement makes it alkaline in nature with a pH of roughly
13.
Three very important properties of the hydrated cement dependents on several factors that
include curing conditions, cement type and its fineness, additives and the water cement ratio. The
strength of the cement is indirectly proportional to the porosity and permeability of the cement
during the hydration process, i.e., towards the completion of the reaction the strength of the
material increases while the porosity and permeability decrease. For cement, the extent of
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hydration, with the usual water-cement ratio, in the range of 0.3 to 0.6 does not change after a
month, however, at high temperatures this stage attained in a shorter time (Taylor, 1997).
The Portland cement is used in the oil and gas industry with various formulations depending
on the subsurface conditions and requirements. The American Petroleum Institute categories the
Portland cement into 8 different classes in API RP-10B. This classification is based primarily on
the level of cement’s resistance to sulfate and cement rate of hydration (Recommended Practice
for Testing Oil-Well Cements and Cement Additives, 1977). Table 2.4 shows the different groups
of cement and their composition. Cement class G and H, both, in the absence of additives can be
utilized in cementing jobs up to 8,000 ft and after the addition of additives greater wellbore depths
can be reached. The grain size of the cement determines the amount of water required for cement
slurry formation i.e., when the grain size is very fine the surface are of the material increases and
as a result higher water-cement ratio is required for hydrated cement. Class H cement grain size is
coarser as compared to class G making the surface area of class H cement smaller (1600 cm2 /gr)
than class G (1800 cm2/gr). This results in the water-cement ratio of class G higher (0.44) than
class H cement (0.38). To address the extreme subsurface conditions (i.e., high pressure high
temperature (HPHT)) there have been a few other types of cement introduced as well (Nelson et
al., 2006).
Table 2. 4. The eight API groups of cement and their general percentage composition (Nelson,
1990)
Class

C3S

C2 S

C3A

C4A

A

53

24

8

8

B

47

32

5

12

C

58

16

8

8

(table cont’d)
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(table cont’d)
D, E

26

54

2

12

G, H

50

30

5

12

Table 2. 5. Use of cement classes as specified by API (Habrate et al., 1980; Raczkowski et al.,
1978)
Class

Application of Depth (m)

Temperature (oC)

A

0 – 1830

44 – 94

B

0 – 1830

44 – 94

C

0 – 1830

44 – 94

D

1830 – 3050

94 – 144

E

1830 – 3050

94 – 144

F

3050 – 4880

127 – 167

G

0 – 2440

44 – 111

H

0 – 2440

44 – 111

The cement hydration process is categorized into five stages (Locher et al., 2000; Stark et al.,
2000) and each step is explained more in detail below.
1. Pre-induction
2. Induction also referred to as Dormant
3. Acceleration
4. Deceleration
5. Steady state or Diffusion stage
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Pre-induction stage
The cement compounds, primarily silicates i.e., tricalcium silicate and di calcium silicate and
sulphates start to dissolute upon interaction with water. These compounds release calcium,
sulphate and aluminum hydroxide ions. This dissolution in the early-stage releases heat. Briefly
after the formation of the non-crystalline calcium silicate hydrate (C-S-H) gel, the tricalcium
silicate stops dissolving. The reason for the stoppage of hydration of tricalcium silicate is
because the production of calcium silicate hydrate leaves a low permeable sheet on its surface.
Among the silicate compounds only a small part (i.e., 2 to 10 percent) of tricalcium silicate is
hydrated while the dicalcium remains unreactive. The pre-induction period also witnesses the
formation of ettringite after the hydration of calcium aluminate (i.e., in the range of 5 to 25
percent) (Odler, 1998; Stark et al., 2000).
Induction stage
The quick buildup of hydrate compounds on anhydrous materials impedes the dissolving
of silicate and sulfate phases as a result the hydration process slacks off and there is a decline in
the heat release. During this stage, the amount of calcium hydroxide ions in the solution is the
highest and after a short time starts to drop. In contrast, the relative amount of sulphate ions
remains unchanged, the reason for which is, as soon as the concentration of sulphate ions is reduced
due to the production of ettringite, calcium sulphate starts to dissolve, maintaining the quantity of
sulphate ions in the water. (Locher, 2000; Odler, 1998)
Acceleration stage
The initiation of this phase occurs as the hydrated products deposited on the anhydrous
material starts to break down due to osmosis (Locher, 2000). The process of hydration for both the
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silicate compounds, tricalcium silicate and dicalcium silicate, speeds up leading to the production
of a ‘second stage’ hydrated calcium silicate. The result of this exothermic reaction causes the
highest amount of heats release. When compared, the reactivity of both silicate compounds,
tricalcium silicate still dominates dicalcium silicate. The products formed in this stage are hydrated
calcium silicate, notable quantity of calcium hydroxide also known as portlandite and ettringite.
The formation of ettringite continues until calcium sulfate dissipates completely and the quantity
of sulphate ions decline (Locher, 2000; Odler, 1998).
Deceleration stage
During this phase, the hydration process of cement starts to fall as the quantity of remaining
anhydrous cement compounds reduce. This causes the heat generated to drop as well. In this
period, the reactivity of dicalcium silicates is dominant over tricalcium silicate and contributes
more towards the production of hydrated calcium silicate. The recrystallization of existing
ettringite with the remaining two cement compounds, tricalcium aluminate and tetra aluminate
ferrite, generates monosulfate. This occurs due to the reduced amount of available sulfate ion in
the solution (Odler, 1998).
Steady State stage
In comparison, the first phase where the quick surface reaction is dominant in the hydration
process, in the last phase reactions are predominantly diffusion based. The reason is the covering
of cement clinker by the high-density hydrated products. Once the cement hydration is finished,
chances are that the ageing of the already produced hydrate initiates which results in the
augmentation of hydrated calcium silicate chain length (Stark et al., 2000).
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Figure 2. 3. The different stages of hydration process (Zhang et al., 2005)
Table 2. 6. The major cement constituents, their attributes and their hydration equation
Chemical Name/Mineral
Name/ Notation/Chemical
Formula
Tricalcium Silicate

Attributes
•

Alite

•

C3S
Ca3(SiO4)O
Dicalcium Silicate
Belite

•

Hydration Equation

Primary compound in
cement
Contributes to strength
development,
especially in the initial
period

3 CaO ∙ SiO2 + x H2O → y CaO
∙ SiO2·(y-(3-x)) H2O + (3-y)
Ca(OH)2
Reaction of C3S with water gives
C-S-H (gel phase) and
Portlandite

Slower hydrating
compound than C3S

2 CaO·SiO2 + x H2O → y
CaO·SiO2·(y-(2-x))H2O + (2-y)
Ca(OH)2

(table cont’d)
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(table cont’d)
•

Contributed to gradual
increase in strength,
over longer period

Reaction of C2S with water gives
C-S-H (gel phase) and
Portlandite

Tricalcium Aluminate

•

C3A + 3 CaSO4 + 26 H → C3A ∙
3 CaSO4 ∙ 32 H

Aluminate

•

Stimulate fast cement
hydration
Control cement settling
time
Manage cements
resistance to sulfate
attack
Gypsum added manage
hydration and flash
setting
Generates most heat in
the initial stage
Promotes low heat of
hydration

3 C4AF + 12 CaSO4 + 110 H →
4 (C3(A,F) ∙ 3 CaSO4 ∙ 32) + 2
((A,F) ∙ 3 H)

C2S
Ca2(SiO4)

C3A

•

Ca9(Al6O18)
•
•
Tetracalcium Alumino Ferrite

•

Ferrite
C4AF

Reaction of C3A with gypsum
(Calcium Sulphate) and water
gives Ettringite

Reaction of C4AF with gypsum
and water gives Iron ettringite

Ca4Al2Fe2O10

The use of additives in the cement to improve qualities like low permeability, developing
strength swiftly enforces its feature to act as a strong barrier, hence providing the necessary
isolation needed between zones. To deal with the subsurface conditions (i.e., corrosive fluids, high
pressure formation fluids), the need for additives in cement becomes vital in order to adjust to the
harsh underground environment. Currently, there are over one hundred additives present that fall
under

the

main

categories,

mentioned

below

(Nelson

et

al.,

2006):

Extenders lower the slurry density which is required in weaker formations. Some examples of
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extender include bentonite, pozzolans, both of which contribute to increase the yield point (i.e.,
increased resistance to stress required to gas, water oil flow). Its percentage in cement composition
is between 1 to 16.
•

Retarders do not allow quick cement hardening rather increase the setting time. Common
examples include lignosulfonates and hydroxycarboxylic acid;

•

Accelerators perform the opposite function of retarder, which means that they accelerate
the reaction rate and, as a result, lower the cement slurry settling time. Chloride salts,
carbonates, silicates alkaline bases are all examples of accelerators;

•

Dispersants (like polynaphthalene sulfonate) change the rheological properties of cement
hence allowing the cement to adjust its attribute to flow as well as its viscosity; and

•

Weighting agents are extremely important in conditions where the pore pressure is high, or
wellbore is not stable because they increase the slurry density.

•

Other additives include fluid loss control agents and lost circulation control agents.

The required cement characteristics like resistance to fracture due to thermal differential,
maintaining strength and restrict the dissolution of calcium hydroxide can be achieved by additives
like silica flour, pozzolan and steel/polymer fiber. The factors that influence the final behavior of
additives are pressure, temperature, water cement ratio, mixing energy and order and additives
amount. The chemical properties of cement (such as sulfate content, aluminate and silicate
arrangement, reactivity of hydrating phase, ration of gypsum) and physical properties (like particle
size and surface area of hydration products), all influence the additive performance. All of these
various aspects reinforce the importance of testing in labs before formation of the cement product
for field operation (Nelson et al., 2006).
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2.3. SANDSTONE
An estimated 40% of the hydrocarbon reservoirs, globally, is dominated by siliciclastic
sandstone (Bagrintseva, 2015). The pore space present in sandstone allows it to, both, accumulate
hydrocarbon, which can be gas or liquid, and discharge under different subsurface conditions i.e.,
pressure and temperature. This is one of the reasons for the presence of formation fluids in the
sandstone rocks (Adepehin, 2014).

Cement
Matrix

Porosity
Grain

Figure 2. 4. Drawing of microstructure showing four elements of sandstone. Redrawn from
Selley (2000)
The sandstone rock is composed of four main elements: matrix, grains, cement and porosity
as shown in Figure 2.4. The particles size of the rock is in the range of 0.06 mm to 2 mm in
diameter. The grains in the rock make up the framework of sandstone, hence called the framework
grains. The deposition of the matrix constituent of the rock and framework grains is done in the
same time period; however, the size of the matrix particles is much smaller and may fall between
the voids and the framework grains. Sandstones with less or no matrix are classified as texturally
clean sandstone, while sandstone with decent matrix quantity is identified as texturally dirt
sandstone. The third component, cement, ties the framework grains together in a structure. Cement
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gets precipitated, once the framework grains and cement have deposited. Therefore, cement is
secondary or postdepositional, while matrix is syndepositional. The syndepositional and
postdepositional conditions have an impact on the sandstone formation properties (Morad et al.,
2012; Herlinger Jr et al., 2017). The properties influenced by syndepostional conditions include
texture and petrology, while sandstone’s intrinsic properties, that are vital in the production of
hydrocarbons present in formation pore spaces, are impacted by postdepositional conditions (Lai
et al., 2015; 2016).
The three primary materials that provide the sandstone framework and are classified under
framework grain are quartz, feldspar and rock fragments. Quartz framework grains exist in three
kinds such as monocrystalline, polycrystalline and chert. Figure 2.5 shows monocrystalline and
polycrystalline quartz.

Figure 2. 5. Microstructure showing two different kinds of quartz grains. M is monocrystalline
quartz. P is polycrystalline quartz (source: Geological Digressions)
The two kinds of feldspar framework grains present in sandstone are plagioclases and K
feldspar. The chemical composition of plagioclases feldspar is between NaAlSi3O8 and CaAl2Si2O8
range i.e., the mineral composition is based on sodium and calcium proportions. Sodium dominant
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plagioclase are referred to as albite, whereas the calcium dominant types are called anorthite. The
K-feldspar composition is in KAlSi3O8 to NaAlSi3O8 range (i.e., all of its mineral composition is
based on potassium and sodium). Feldspar easily converts to calcite and clay (i.e., kaolinite).
The framework grains may also contain accessory minerals. There are grains present in
sandstone in a minute amount. Minerals that come under accessory grains include mica (i.e.,
muscovite and biotite) and pyroxene olivine. The density of these minerals is higher than the
silicate minerals. Garnet, zircon and magnetite are examples of these heavy minerals. The mixture
of clay with feldspar and fine quartz sized particles forms the matrix component of sandstone.
Common cements observed in sandstone include quartz, calcite dolomite, siderite, hematite,
limonite, pyrite, gypsum and barite.
2.4. LIMESTONE
Carbonate rocks, classified under sedimentary rocks, primarily consist of carbonate
minerals and are divided into two major groups: limestone and dolomite. (Ham et al., 1962;
Leighton et al., 1962., Zhao et al., 2016). Carbonate rocks contribute to a majority of oil and gas
reservoirs, while some fine grained carbonate rocks that developed under low-energy
environments (slow moving currents) are considered hydrocarbon source rocks (Tissot et al., 1984;
Katz et al., 2000; Xie et al., 2016). The composition of modern carbonate rocks include aragonite
(i.e., CaCO3, a metastable mineral), and calcite dominant in magnesium. These two minerals
during the process of diagenesis promptly recrystallize to calcite. In contrast, ancient carbonate
rocks, in addition to calcite and dolomite, also include magnesite (i.e., MgCO3) and siderite (i.e.,
FeCO3).
Limestone is a non-siliciclastic sedimentary rock formed by either, chemical precipitation
or accumulation of pre-existent calcite. The composition of limestone includes predominantly
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calcite (more than 50 percent) along with metal oxides, silicates and traces of other impurities.
Limestone, mineralogically, can be considered as magnesian calcite, pure calcite, dolomite or
combination of all these minerals in different quantities. The porosity and permeability of
limestone are greatly influenced by the size of sediments, and very fine limestone sediments lead
to the formation of a low permeability and dense rock. Limestones formed by chemical
precipitation create a granular structure. The texture of limestone can be transformed when there
is flow of water through its pores which leads to generation of vugs due to leaching of sediments.
The interconnection of these vugs can cause the porosity and permeability to be significantly
increased. However, the porosity and permeability can be minimized with calcite deposition. The
structure of calcite crystals (i.e., calcium carbonate), exists as a rhombohedral unit. The partial
replacement of calcium with magnesium by water may lead to the formation of magnesiumcalcium carbonate and, as a result, development of dolomite. The structure of dolomite, similar to
calcite, is rhombohedral although the strength of lattice is enhanced with the incorporation of
magnesium. Dolomite as compared to pure calcite is more thermodynamically stable, but the
process of dolomitization causes higher porosity since the calcite unit cell, which gets replaced by
dolomite unit cell, is less compact. The range of porosity for carbonate rocks is between 5 percent
to 35 percent depending on the extent of dolomitization.
2.5. CEMENT-ROCK INTERFACE IN THE WELLBORE
The importance of cement-rock bond has a vital role in providing subsurface zonal isolation
and preventing any wellbore breakouts, but little focus has been put into comprehension of the
cement-rock bond (Carey et al., 2007; Ladva et al., 2005). As compared to the oil and gas
engineering, the civil engineering has shown more interest in understanding the bonding
mechanism between cement and rock. According to these research studies, two primary factors are
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responsible for the bond between cement and formation: the mechanical interlocking between the
hydrated cement compounds and the formation particles and cement-rock chemical reaction
(Tasong et al., 1998; Ollivier et al., 1995). The relationship with between the surface roughness of
the interface and mechanical interlocking bonding mechanism are directly proportional (i.e., the
greater the surface roughness, the more the mechanical bonding). The surface area is another
feature that is increased upon enhancing the surface roughness as a result improving the bonding
(Tasong et al., 1998). This implies that the cement-rock bond can be stronger when the wellbore
wall has increased roughness. The different kind of subsurface rocks with distinct material
compositions upon interaction with the cement paste makes the chemical reaction, second factor
behind the cement-rock bonding, a lot more complex to analyze.
The interfacial transition zone (ITZ) also known as the transition zone is defined as the
high porosity zone that prevails between the cement-rock interface therefore the boundary of this
zone is not explicitly identified or outlined. The size disparity between cement and rock particles
gives rise to the wall effect, the phenomenon behind the creation of transition zone. The rock
particle size is in the range of 70 to 2000 μm whereas the cement is in 5 to 60 μm range (Caenn et
al., 2011; Hewlett, 2004;). The grains’ size difference between the two materials makes the rock
particles seem like a wall in comparison to cement particles. This leads to higher porosity and pile
up of water at the transition zone. The phenomenon of wall effect is more prominent in 15 to 20
μm of rock particles. In the beginning, the porosity of transition zone in contrast to bulk cement is
approximately 40 percent greater which causes the calcium ions to convert to calcium hydroxide
at the transition zone after migrating from the cement zone. The sand particles experience a
formation of calcium hydroxide layer after the conversion of calcium ions. After a period of time,
the porosity difference between transition zone and bulk cement falls from 40 percent, initially, to
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10 to 20 percent because of the formation of compounds like ettringite and calcium silicate hydrate
(Scrivener et al., 2004).
The elements that have an impact of the cement-rock interfacial bonding are stress caused by
temperature and pressure variations over the well life cycle, improper drilling mud displacement,
and geologic disturbances underground. Plate tectonic is mostly the reason for underground
geologic discontinuities (Duguid et al., 2010). The interfacial bond between cement and rock
deteriorates because of all of these events, thus allowing formation of channels for fluid movement.
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3. METHODOLOGY
The primary framework for conducting this research encompasses following three steps:
I.
II.
III.

Preparing and curing cement-rock interfaces
Analyzing the cement-rock interface using SEM
Hardness test of cement, rock and interface

3.1. PREPARING AND CURING CEMENT TO ROCK INTERFACES
Portland cement was donated by BJ Services company, and rock samples were obtained from
Kocurek. The bonded bi-material samples, three different reservoir rocks, sandstone, limestone
and shale supplemented with high density cement, cured at reservoir pressure and temperature,
were fabricated at the service company facility.
The quarter cement cores were created from class H cement with water-cement (w/c) ratio of 0.38
in accordance with American Petroleum Institute (API) guidelines (API. Recommended Practice
10B-2, 2013) which made the cement density 17 ppg. The cement and water, in required quantiles,
were mixed at 4000 RPM for a time span of 15 seconds and then again at 12000 RPM for 35
seconds. After preparing the cement slurry, curing was done in a temperature range of 135 to 170oC
and pressure between 1500 to 3000psi using high pressure high temperature curing chamber.
Curing was done after pouring the cement in custom made semicircular brass molds (Figure 3.1
and 3.2) with a quarter circle formation rock for 24 hours as per the API standards, to simulate
cement setting under high pressure high temperature conditions. It was ensured that the cement
and rock were properly bonded and there was an adequate contact between the two. Cement cured
with rock and cement-rock can be seen in the Figure 3.3.
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Figure 3. 1. Semicircular custom-made brass molds

Quarter Sample
Rocks

Brass Mold

Cement Slurry

Figure 3. 2. Cement slurry with quarter rock samples in brass molds
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a)

b)

c)

d)

e)

f)

Figure 3. 3. Cured bi-material samples a) b) c) d) before fracture e) f) cement-rock interface
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3.2. SEMI CIRCULAR BEND TEST (SCBT) FOR MECHANICAL TESTING
The Semi-Circular Bend test (SCBT), which is a laboratory mechanical experiment and
establishes when a material will fracture under applied load, was used to calculate the fracture
toughness of the bi-material cement-rock samples. Fracture toughness can be defined as the
resistance of the cement-rock sample to the growth of a preceding crack. The SCBT experiments
were performed at the Louisiana Transportation Research Center (LTRC).
In this study, for the SCBT experiments in order to imitate the underground hydraulic
fracturing, only mode I was considered. The loading occurs mostly in mode I, and the damage
produced is the highest. Mode I, also known as the Opening mode, is where the tensile stress is
perpendicular to the plane of crack. In the three-point bend SCBT configuration, a monotonic load,
which is a single time loading process, was applied vertically on the top of the bonded, quarter
cement-quarter rock, bi material sample. For obtaining mode I properties, the force was applied,
normal to and directly above the vertical notch, between the two materials i.e., cement and rock,
interface.
The three-point bending configuration involves sample support on two ends with one point of
deflection coming from the top center of the material. To subject bi-material samples to three-point
SCBT, custom-made SCB rig combined with compressive loading frames were used (Figure 3.4).
The bi-material samples were supported by two rods during the loading process and the load and
displacement were continuously recorded during the test until the sample failed. Upon the
application of large enough force, the crack conceivably starts to grow in the direction of the
predefined fracture i.e., notch. The custom-made rig was set up on the apparatus, Humboldt Master
Loader HM-300, used for conducting the SCPT experiments (Figure 3.5).
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Figure 3. 4. Semi-Circular Bend custom made rig with compressive loading frame

Figure 3. 5. Three-point bend semi-circular bend test apparatus connected with laptop to generate
load-displacement curves, and rig set up
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The fracture toughness for the bi-material samples was calculated using the critical stress
intensity factor and the peak load observed to fracture the sample. The fracture toughness was
calculated using the following equation (Chong and Kuruppu, 1984)
𝐾! =

"!"# √%&
'()

𝑌!

(1)

where,
KI is the fracture toughness
Pmax is maximum load at which the sample fails
a is the notch length
R and B are the sample radius and thickness, respectively
YI is the non-dimensional stress intensity factor
The following equation was used to calculate the non-dimensional stress intensity factor
*

*

*

𝑌! = −1.297 + 9.516 .'( / − 00.47 + 16.457 .'( /3 𝛽 + ( 1.071 + 34.401 .'(/)𝛽 '
where,
s is the distance between the two rollers, also known as, span length
b is the ratio of notch length, a, to sample radius, R, or a/R
The SCBT sample geometry and force arrangements can be seen in Figure 3.6.
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(2)

R= 38
mm
a= 19 mm

B= 31
mm

Figure 3. 6. SCBT schematic loading arrangement and specimen geometry
3.3.ANALYZING THE CEMENT-ROCK INTERFACE USING SEM
3.3.1. SPECIMEN PREPARATION
Samples for SEM analysis were prepared in four major steps: (a) thin section
preparation, (b) sample drying, (c) sputter coating with conductive material and (d) mounting on
a stub.
Thin Section Preparation
The first stage of sample preparation was creating thin section cuts. Diamond bandsaw
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was used along with water as a coolant to obtain the rock cement interface region. To cause a
minimum amount of material deformation to sample, materials’ true microstructure was preserved
while cutting, and additional steps needed for the sample preparation process were minimized.
Sample Drying
A high vacuum environment is required for image formation in an electron
microscope. Therefore, to view and obtain good images in a normal high vacuum SEM system,
drying of samples becomes a prerequisite step. Pre-baking involved cleaning and degreasing the
sample with alcohol (100% ethanol) after which it was oven dried at 60ºC for 10 minutes.
Sputter Coating with Conductive Material
The sample being nonconductive causes image distortion due to charge effect and
therefore, coating of samples is required to improve the imaging of samples. A conductive layer
of platinum was coated on the sample to prevent charging of specimen, reduce thermal damage
and improves the electron signal required for examination in the SEM. Argon gas was used as a
sputter gas and a 5-10nm thickness of platinum was coated at a vacuum level of 2x10-2 mbar.
Mounting on a Stub
Sample were mounted on the stubs using double-sided vacuum compatible carbon
conductive tapes before their placement in the SEM chamber to prevent any vibrations or
movement.
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a)

b
)

c)

d)

Figure 3. 7. Equipment used in sample preparation a) Diamond bandsaw for cutting samples in
thin sections b) Oven to dry the samples before SEM analysis c) Sputter Coater to coat the
sample with conductive layer. d) Stub with a sample attached using carbon conductive tape
3.3.2. SCANNING ELECTRON MICROSCOPE (SEM)
The SEM imaging of the three bi-material samples was performed at LSU Shared
Instrumentation Facility (SIF). Quanta 3D DualBeam FEG FIB-SEM (combination of a Focused
Ion Beam (FIB) with a high-resolution Field Emission Gun Scanning Electron Microscope (FEGSEM)) (Figure 3.8), 500V-30kV accelerating voltage, probes current up to 36n, and 1.3nm in
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second electron imaging (SEI) resolution was used to analyze microstructures. Microphotographs
were obtained using two imaging modes, back scattered electron (BSE) and secondary electron
(SE) imaging at 250-35000× magnifications, to understand microstructural properties of the
samples. Elemental mapping at the microstructural level and collecting spectrum was performed
by EDAX energy dispersive spectrometer (EDS) spectrum viewer software to identify chemical
element distribution. Microstructures of pure cement, pure rock and rock-cement interface were
analyzed for the three bi-material samples.

Figure 3. 8. Scanning Electron Microscope used to obtain micrographs in this study

The principal parts of SEM include an electron source (a downward column which has
electromagnetic lenses that direct movement of electrons), an electron detector (a sample chamber
to hold the sample under vacuum, and connected with), is a computer see the microphotographs
and results. Electron source at the upper end of the column generates electrons, which are
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converted into a directed ray after passing through a series of aperture and lens. This focused beam
then reaches the chamber area where it strikes the top of the sample. The more advanced EDAX
Pegasus EDS & EBSD system further allows the study of a more precise composition analysis,
crystallographic orientation, element distribution, and grain size distribution.

Figure 3. 9. Schematic diagram of SEM showing all its components
The interaction of the sample electron with the focused electron ray results in secondary
electrons (SE), which gets easily subsumed, because these electrons have less energy. Electrons
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generated closer to surface that have enough energy to break free, result in a comprehensive image
of surface topography. The appearance of shadow in the microphotographs occurs because the SEs
cannot escape the surface and get absorbed by the specimen. Depending on the beam accelerating
voltage, the maximum depth of secondary electron emission appears to be approximately 1 nm
(nanometer) for metallic compounds and 10 nm for insulating materials. Samples were aimed to
be used for the benefit of secondary imaging through a conductive layer of a heavy metal such as
platinum to improve secondary electron-flux, hence, enhancing the signal image. Images of SE are
aimed to investigate particle dimension, shape, surface ruggedness, and fractured surfaces. The SE
signal is the most commonly used signal, and it changes with the specimen surface topography in
ways analogous to an airborne imagery. The boundaries of the microphotograph are bright, while
the area inside is dull. The ratio of the size of the microphotograph to the scanned area of the
sample gives the magnification.
Backscattered electrons (BSE) are electrons that have an energy of 50 electron volts or
greater and go through numerous elastic collisions within a sample. This greater energy gives room
for an even greater interaction volume, however, with a reduced spatial resolution in comparison
to a SE image. On the contrary, the BE image contrast is created in relation to the average atomic
number of the different phase compositions and is indicated by the distinctive brightness of the
image.
X-rays are produced through the bombardment of high-energy electrons on a specimen.
The electron beam ejects electrons in the inner-shell which are later replaced by electrons in the
outer-shell. This substitution of electrons consequently leads to an X-ray beam discharge specific
of that element. The X-ray energy level is produced in the form of peaks, commonly known as the
Energy Dispersive X-ray spectrum (EDX). These peaks are shown at each energy interval as the
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number of counts. The position of each peak is distinctive to a specific element and its
height/intensity changes proportionally to the element’s relative abundance. Peak positions are
unique to a distinctive element and are labelled as k, l, or m which help in the identification of a
phase through the examination of a peak’s position and its relative intensity. An X-ray signal can
primarily be used for: (1) plotting the respective concentration of the designated elements across
a line through the analysis of a line scan, (2) analyzing spectrum for quantitative and qualitative
chemical analyses, (3) X-ray imaging of element’s relative concentrations and spatial distribution,
and (4) helping in phase identification through the element’s chemical signature. Combining
criteria, such as brightness of BE signals, relation with other components, chemical composition,
and morphology provides a procedure for identifying phase. The peaks and relative intensities of
each element are influenced by the escalating voltage of a microscope beam. A too low voltage
value makes the beam energy incapable of producing the distinct radiation. The K-line of iron, for
example, is generated at 6.4 keV and so, requires almost 11 keV for sufficient electron excitation.
Linearly increasing voltages within the range of 12 and 15 keV provides a reasonable space for
BE and x-ray imaging. A lower voltage acceleration increases resolution and decreases the volume
of interaction, but with a loss in high-energy X-ray generation efficiency with lower beam energies.
This leads to a reduced absorption of X-rays and further highlights the low-energy x-rays. Highbeam energies, on the other hand, cause increased absorption in the low-energy range. A voltage
acceleration of 12 to 15 keV neutralizes the necessity of a sufficient beam energy for cements.
Greater beam energies cause greater depth-of-field, greater resolution, and smaller beam diameter
size, thus, are favorable for SE imaging.
3.3.3. ENERGY DISPERSIVE SPECTROMETRY (EDS)
The output of the X-ray microanalytical technique, Energy Dispersive
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Spectroscopy contains both quantitative and qualitative chemical composition information for
elements of a sample that have an atomic number more than three. X-rays produced after the
electrons in the electron beam from the source encounter the atoms of the sample are recognized
by the Energy Dispersive detector. The outcome of the detector is a histogram or a spectrum of
intensity which shows the count i.e., number of X-rays on the y-axis and Energy on the x-axis.
Characteristic X-rays’, one of the two types of produced X-rays, intensities quantify the elements’
concentration in the sample whereas the characteristic X-rays’ energies help determine the
elements composing the sample.
Outcomes from EDS analysis are of three types: map, spectrum and quantitative analysis.
Map is an image that shows the varying concentration of a single element throughout a specific
region of a sample. Spectrum helps find the elements making up the sample and is a plot with Xray count rate and energies on x and y axis, respectively. The calculation of weight percentage or
concentration of elements, both, major and minor in multiple phases of a sample can be done by
comparing them with reference standard materials falls under quantitative analysis.
In SEM, X-ray microanalysis’ spatial resolution is a few microns, reason being the
interaction volume is whole between sources electrons and the sample. On the contrary, the
interaction volume for generation of secondary electrons is the upper most part of the sample and
for backscattered it is just the top half.
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Primary Electron Beam
Beam diameter = 2 – 200nm

Secondary Electrons (SE)
Shape information
(5nm)

2 µm
Interaction
volume

Backscattered Electrons
(BSE)
Atomic number information
(400nm)

2 µm

X-rays
Element information
(microns)
Figure 3. 10. Approximate scale of spatial resolution for SE, BSE and X-rays in SEM
Characteristic and Bremsstrahlung X-rays are the two different kinds of X-rays generated
after the interaction of source electrons with the sample. The cause for the production of
Bremsstrahlung X-rays is the electric field of the sample atoms’ nuclei, curtailing the source
electrons. The slowing down of electrons is due to inelastic scattering that takes place in the sample
and X-rays are produced due to conversion of this lost energy. The process that results in
Characteristic X-rays production is in two stages. First stage is the ionization where the electron
beam ejects an electron in the inner shell, leaving the atom in an unstable and ionized state.
Relaxation is the second stage, where an X-ray photon is emitted after a vacancy in the inner shell
is filled by an electron from the outer shell which causes the atom to regain stability.
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Specimen Atom
(Si)
X-ray (Si Ka)

e- beam from SEM causes
inner shell ionization

e- from
Atom

e- from
SEM

Figure 3. 11. Electron from the source removes an electron from the shell K of silicon atom. The
created vacancy is filled by an electron from shell L, as a result, silicon Ka X-ray is produced.
The difference between the K and L shell ionization energies is the energy of the X-ray
generated.

The energies required to ionize K, L and M shell increase moving from M to K shell. The
energies of X-rays line for every element of M family are the lowest, K family requires the most
energy followed by L family. For each element the energies for the three shells are: K > L > M.
The relationship between atomic number of every element and its corresponding energy of
Characteristic X-ray lines is defined by Moseley’s Law. The law states, Z, the atomic number is
proportional to the square root of the energy. According to the law on the energy dispersive
spectrum (EDS), the Kα X-ray line for higher atomic numbers plots on larger energies, as
compared to elements with smaller atomic numbers.
The characteristic X-ray intensity or the height of the peaks is affected by a few different
things like the detector that measures the X-ray spectrum, the system which produces the X-rays
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and also factors related to the sample. The X-ray intensity or the height of the peaks is measured
in cps (or count per second) which is the count rate or X-ray counts. The concentration or the
relative abundance of the element also affects the X-ray intensity but there is not direction relation
between the two. The spectrum shows prominent peaks for major elements in the sample having
weight percent greater than 10 while minor elements that have weight percent between 1 to 10 or
less than 1 will have short and indistinct peaks.
There are two types of X-ray microanalysis, quantitative and qualitative. Quantitative
microanalysis provides the calculation of the weight percent or mass fractions of the elements
while the qualitative microanalysis is the identification of elements from their respective
characteristic X-ray peaks, however, it does not help in determining the relative abundance of the
elements in the sample.
In a sample the elemental distribution is provided by X-ray Mapping in the form of images.
Although the compositional variation in a sample is identified in back scattered electrons, the Xray mapping is responsible for recognizing the elements causing the variation in the composition
of a sample. X-ray mapping often eliminates need of quantitative point analysis by providing
details that can be easily integrated and understood which in turn helps seeing the distribution of
different elements in a sample. To generate the elemental X-ray maps a rectangular area is scanned
side to side and top to bottom in parallel lines with an electron beam, while over a fixed counting
time the amount of X-ray photons generated from every point of specified energy are recorded.
For a pixel, on digital image, its brightness value is the conversion of the detected X-ray photons
with specified energy at a particular point. The conversion of these photons to a brightness value
generates the image. The counted number of X-rays correspond to a matrix of numerical digits
which is an image’s source or primary data. These counted X-rays at every point are associated to
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single-band image with range of values from 0-255. The image, on the basis of look-up table can
either be allocated false colors or be shown as grayscale. Multiple-band color image can be
generated by integrating various single band images, corresponding to maps of various distinct
elements. Discrete phases present in the scanned area can be made visible and spotted by
integration of X-ray maps from various images. Phases that are composed of a union of multiple
elements being mapped generates maps having composite colors.

SEM image

X-ray
element map
(Intensity)

Combination map

Si
Al
Fe
Fe
Si
Al
Figure 3. 12. Distribution map is put together for three elements (i.e., silicon, iron and
aluminum) in a three-band image to distinguish the distinct phases mapped in the significant area
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Fe
Si

Blue &
Green

Al
Figure 3. 13. Distribution map can be put together for three elements (i.e., silicon, iron and
aluminum) in a three-band image. Primary colors are generated where distinct mixture of
elements is present in the sample in distinct phases
3.4. HARDNESS TEST
The capability of a substance to resist plastic deformation is the commonly known
definition of hardness; however, the dictionary definition of hardness in Metallurgy is a material’s
resistance to indentation. The primary reason for performing a hardness test on a material is to
learn its appropriateness for a specific application or its suitability for the certain treatment to
which it has been exposed. The hardness test is a preferred mechanical test for inspection of
materials and their properties because it is relatively non destructible. The three scales (macro,
micro and nano scale corresponding to the displacement induced on the sample due to the force
applied), define the hardness measurement. Macro-hardness is a faster and simpler testing method
which is used to attain the mechanical properties for bulk materials. The three most widely used
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test techniques that fall under macro-hardness are: Rockwell, Brinell and Vickers. The loads
applied in macro-hardness on the indenter are greater than 1 kg and mostly used to test heavy
gauge materials in dies, sheet materials and tools mostly to perform quality check on surface
treatment processes. The need for all these various hardness tests is because of the broad spectrum
of hardness ranging from hard and brittle ceramics to soft polymers.
Table 3. 1. The geometrical shape of the indenters and the indent as well as the range of applied
loads for the different types of hardness testing methods.
Test
Brinell

Indenter

Side View

10-mm steel or

ball
Diamond Pyramid

Load
500 kg

tungsten-carbide

Vickers

Top View

1500 kg

D
d
136o

3000 kg

d
d1

d2

1 – 120 kg
< 1 kg (micro
hardness)

Rockwell

Diamond cone

120o

A

60 kg

C

150 kg

D

100 kg

B

0.06 in diameter

100 kg

F

steel ball indenter

60 kg

G
E

150 kg
0.12 in diameter

100 kg

steel ball indenter

46

3.4.1 MICRO-HARDNESS
The appropriate method to obtain the hardness value of a sample on microscopic scale is
micro-hardness or micro-indentation hardness testing. Conventional mechanical characterization
of rock requires retrieving core plugs which can be technically demanding and costly or even
impossible (Liu et al., 2016; Xu et al., 2018). For materials that are non-homogenous, multi-phase,
susceptible to fracture or have a fine microstructure, hardness values obtained from macrohardness testing is irregular and does not recognize true individual surface characteristics. For such
materials and samples micro-hardness method is most suitable. Knoop and Vickers are the two
different types of indenter used for micro-hardness testing, both made of diamond. Knoop indenter
is a rhombohedral, elongated in shape, while Vickers has a square base with a right pyramid. For
both the indenters the load applied to make an indent ranges from 1g to 1 kg for 10 – 15 seconds
and an optical microscope is normally used to measure the indentations.
In the micro-hardness testing process before a diamond indenter was used to make an
indent, the sample was metallographically mounted and polished. Typically, the dimensions of the
specimen are approximately 1 inch by 1 inch with ½ inch in thickness so they can fit the sample
stage. The cement rock samples of the required dimensions were cut using diamond bandsaw. The
cut samples were mounted in a resin puck to get reliable analytical micro-hardness values. The
epoxy resin and epoxy harder mixture were 2:1 ratio respectively and allowed to cure at room
temperature for 9 hours. The quality of the micro-hardness values highly depends on the surface
of the sample. The specimen surface was grinded and polished by abrasion material of varying grit
sizes (i.e., ANSI grit 240, 400, 600 and 800) using SBT model 900 grinder and polisher. A rough
surface is unfavorable in identifying the diamond shaped indentation hence minimizing the validity
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of the indentation data. For accurate micro-hardness values the specimen were perpendicular to
the indenter tip and the micro-hardness testing equipment was isolated from any vibrations to
ensure the testing conditions were vibration free. The polished cement-rock specimens, before and
after curing of epoxy can be seen in Figure 3.14.
a)

b)

Figure 3. 14. Micro-hardness specimen a) before epoxy resin b) after epoxy curing
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a)

b)

Figure 3. 15. Equipment used in micro-hardness testing a) Grinder and polisher b) Microhardness tester
The micro-hardness tester CM-802 AT was used to determine the hardness values. The
Vickers diamond indenter lowered at a rate of less than 1 mm per minute produced an indentation
on the surface of the specimen by application of a selected load. The time for which the load is
applied is the dwell time, after which the indenter withdraws from the specimen leaving a square
shaped indent. To obtain a micro-hardness value the measured lengths in μm of the resultant
indentation i.e., two diagonals, are converted to hardness values using equations. The Vickers
hardness (Hv) values were acquired using the following equation.

HV = 0.1891 * {F(N) /d1(mm) * d2(mm)}
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(3)

where,
F is the load applied by the indenter to make an indent
d1 and d2 are the two diagonal lengths
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4. RESULTS AND DISCUSSION
4.1.SCBT FOR FRACTURE TOUGHNESS CHARACTERIZATION
This section highlights the mode I fracture toughness for three kinds of heterogenous
samples i.e., cement-sandstone, cement-shale and cement limestone, calculated using three-point
bend test. The specimen geometry and peak load values, obtained from the load-displacement
curves (Figure 4.1), were used in the Chong and Kuruppu, 1984, equation to calculate the
fracture toughness.
The fracture toughness recorded for the cement-sandstone was higher than the fracture toughness
of cement-shale and cement-limestone samples. The range of for cement-sandstone fracture
toughness is 448.78 to 512 kPa√m as indicated in Table 4.1. The difference in the two peak load
values, 669.12N and 763.76N, that fractured the cement-sandstone samples is insignificant while
there is a substantial difference in the peak loads that fractured the two cement-shale samples,
225.47N and 581.85N. The contrasting peak loads recorded for cement-shale result in a
significant variation and wide range of the fracture toughness i.e., 151.22 to 390.25 kPa√m. The
peak load for cement-limestone was in between the cement-sandstone and cement-shale with a
fracture toughness of 263 kPa√m.
Table 4. 1. Fracture toughness of bi-material samples
Bi-material sample
Sample 1 Cement-sandstone
Sample 2 Cement-Sandstone
Sample 1 Cement-Shale
Sample 2 Cement-Shale
Sample 1 Cement-Limestone

Maximum load
(N)
669.12
763.67
225.47
581.85
392.75
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Fracture toughness
(kPa√m)
448.78
512.2
151.22
390.25
263.42

Sample 1: Cement-Sandstone

700
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LOAD, N

500

LOAD, N

Sample 2: Cement-Sandstone
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500
400
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0

0
0

0.1

0.2

0.3

DISPLACEMENT, MM

0.4

0.2

0.5

0.4

0.6

0.8

1

1.2

DISPLACEMENT, MM

a)

Sample 1: Cement-Shale
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Sample 2: Cement-Shale
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0.6

0
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Sample 1: Cement-Limestone
800
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600
500
400
300
200
100
0
0

0.1

0.2

0.3

0.4

DISPLACEMENT, MM

0.5

0.6

c)
Figure 4. 1. Load-displacement curve for bi-material a) cement-sandstone b) cement-shale c)
cement-limestone
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4.2.SEM IMAGES AND ANALYSIS
This section reports the SEM results that includes: live maps for phases analysis, SEM
backscattered images, EDS elemental maps, distribution maps of fundamental elements, EDS
elemental spectrum of dominant phases and quantification results of cement, shale, limestone,
sandstone and cement-rock interfaces.
4.2.1. CEMENT
Portland cement comprises of silica dominant compounds and the products of calcium hydration
reaction. Calcium silicate hydrate (C-S-H), a non-porous semicrystalline composite, is one of the
hydration reaction products of calcium. It is a significant phase within hydrated Portland cement
and is majority of the volume as shown in SEM live map (Figure 4.4a). The C-S-H gel has large
surface area and controls the strength of hydrated cement. The second prominent product of
calcium hydration reaction is calcium hydroxide also known as portlandite, makes up around 25
percent of the hydrated cement paste. This calcium hydroxide has crystals that from hexagonal
plates of medium shape that can be inter grown with the first product of hydration, C-S-H (Taylor,
1997). Aluminoferrite is the third major mineral group in hydrated Portland cement.
Ettringite is the primary mineral of the aluminoferrite group and accounts for 20 percent of
the volume. Ettringite developed during the initial stages of the hydration process exist in the shape
of hexagonal rods and can be seen in the SEM backscattered micrograph at a magnification of
2000x (Figure 4.4b), along with the poor crystallinity and irregular small grains of C-S-H. The
SEM EDS elemental map and distribution maps of fundamental elements (Figure 4.4c and 4.4d,
respectively) aid in the phase analyses of the hydrated Portland cement. The SEM EDS elemental
spectrum and quantification results (Figure 4.5 and Figure 4.6) show the elemental composition,
in terms of weight and atomic percent, of the two phases, that make the majority of the volume of
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the matrix i.e., calcium, oxygen and calcium, silicon, oxygen rich phases. The BSE images of
hydrated Portland cement obtained at different magnifications (Figure 4.7) show the distinct
phases of the hydration process along with fractures, porosities and residual cement. Portlandite,
the short networked fibrous structure of C-S-H and the long crystals of ettringite are also identified
in the BSE image obtained at 20um resolution.
a)

b)

c)

(figure cont’d)
54

(figure cont’d)

Figure 4. 2. Pure cement a) Live map of pure cement at 2000x magnification obtained using FEI
Quanta 3D FEG dual beam FIB/SEM at 20 kV b) Backscattered Electrons (BSE) micrograph at
2000x magnification c) EDS elemental map d) Distribution maps of fundamental elements
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Figure 4. 3. Ca dominant phase in cement a) SEM EDS elemental spectrum b) quantification
results
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Figure 4. 4. Ca, Si and O dominant phase in cement a) SEM EDS elemental spectrum b)
quantification results
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a)

b)
RR

c)

Figure 4. 5. BSE micrographs of cement obtained at a) 500x
b) 2000 x c) 5000x (d) 35000x magnification. The short networked fibrous structure of C-S-H
and needle like structure of ettringite can be seen at different resolutions. IE is Iron Ettringite.
CH is Portlandite. R is residual cement
4.2.2. SHALE
Shales present even in the same location can have varying microstructure and composition,
and are therefore referred to as naturally occurring multiphase composites. The primary minerals
that compose shale rock are divided into three main groups based on the microstructure of the
minerals. The first group, tectosilicates, includes quartz, K-feldspar and plagioclase while the
phyllosilicates or clay category mainly comprises of illite, chlorite, kaolinite, chlorite and smectite.
Dolomite, calcite, pyrite, hematite, siderite, ankerite and halite fall under the carbonates and other
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minerals group. The clay minerals play a vital role in determining shale properties (Du et al.,
2017a). The mineralogical composition, including clay content, quartz and feldspar percentage,
carbonates, total organic content and porosity proportions as a percentage of total mineral content
from previous studies (Bourg, 2015; Amann et al., 2013; Bai et al., 2013; Busch et al., 2008;
Chalmers et al., 2012; Josh et al., 2012; Swift et al., 2014; Nelson, 2009) can be seen in Table 4.2.
The results show that shales with lower clay content have higher total organic content and act as a
source of hydrocarbon whereas shale with higher clay content have lower total organic content
and have better sealing quality.
Table 4. 2. Mineralogical composition, total organic content and porosity percentage of two
different kinds of shale from previous studies (Bourg, 2015; Amann et al., 2013; Bai et al., 2013;
Busch et al., 2008; Chalmers et al., 2012; Josh et al., 2012; Swift et al., 2014; Nelson, 2009)
Shale Types
Sealing shaleCaprock
Brittle shaleHydrocarbon
source rock

Clay/
Carbonate and Total Organic
Tectosilicates
Phyllosilicates Other Minerals
Content
%
%
%
%
33.6
52.6
12.1
1.6

18.5

43.7

5.7

25.4

25.7

4.7

Porosity
%

The mineralogical composition governs shale rock’s susceptibility to distinct fracture
fluids hence have a great impact on the mechanical characteristics of shale. The SEM live map
(Figure 4.8a) shows the dominant phases present in shale while the microstructure of shale can be
observed in the SEM BSE micrograph (Figure 4.8b). The EDS with elemental map and distribution
maps of fundamental elements (Figure 4.8c and Figure 4.8d respectively), help identify the
minerals present in the area of interest more accurately by showing the chemical concentration and
distribution in the shale rock. Some of the minerals present in shale can be identified from the BSE
micrograph, alone, examples being, larger size grains are tectosilicates i.e., quarts and K-feldspar,
and carbonates, while the smaller amorphous minerals are clay particles. Besides the BSE
59

micrograph, distribution maps elements provide very useful information. The silicon distribution
map indicates quartz and K-feldspar as bright (high concentration), big and clean spots, while the
calcium distribution map shows the distribution of elongated particles in shale as mainly dolomite.
The combination of oxygen sulphur and sodium maps indicates the locations of porosity in shale
since oxygen is present in the composition of most of the minerals in sedimentary rocks with pyrite
and halite as exception. Since the presence of both the elements, sulphur and sodium is negligible,
the absence of oxygen in the oxygen map i.e., black pixels, indicates porosity, fractures or kerogen.
The iron map in shale indicates iron rich mineral which was recognized in spot analysis as
hematite. The combination of magnesium, aluminum and potassium maps show the location of
phyllosilicates or clay minerals between the larger quartz, K-feldspar and dolomite grains.
The elemental percentage composition of three major phases present in shale and their
relative peak intensities can be found in EDS elemental spectrum and quantification results (Figure
4.9, 4.10 and 4.11). The different minerals identified in the formation of shale are pointed out in
BSE micrograph (Figure 4.12). The shale is identified as brittle shale based on the mineralogical
composition, comprised predominantly of tectosilicates, more than 45 percent with lesser amount
of clay and other oxide minerals.
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a)

b)

c)

(figure cont’d)
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(figure cont’d)

Figure 4. 6. Pure shale a) Live map at 2000x magnification obtained using FEI Quanta 3D FEG
dual beam FIB/SEM at 20 kV b) Backscattered Electrons (BSE) micrograph at 2000x
magnification c) EDS elemental map d) Distribution maps of fundamental elements
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Figure 4. 7. Ca, Mg, O and Si dominant phase in shale a) SEM EDS elemental spectrum b)
quantification results
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Figure 4. 8. Si, O and Al dominant phase in shale a) SEM EDS elemental spectrum b)
quantification results
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Figure 4. 9. Si, Al, K and O dominant phase in shale a) SEM EDS elemental spectrum b)
quantification results
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Figure 4. 10. SEM BSE image of pure shale at 2000x magnification. I is Illite (phyllosilicates
i.e., clays). KF is K-Feldspar (tectosilicates). D is Dolomite. Q is quartz

4.2.3. LIMESTONE
The SEM Live map (Figure 4.13a) of limestone shows only one major phase, that makes
up limestone, comprising of elements: calcium, oxygen and carbon. The EDS elemental map,
(Figure 4.13c) of the same location as the BSE image (Figure 4.13b), identifies the percentage of
calcium to be almost 80 % of the total elements present. The distribution map of fundamental
elements (Figure 4.13d) reveals the spread of calcium, oxygen and carbon over the entire limestone
with traces of silicon, potassium and chlorine. The tallest peak present in EDS spectrum of the
only dominant phase in limestone is of calcium followed by oxygen and silicon (Figure 4.14a), the
high concentration of these elements is confirmed by the quantitative results (Figure 4.14b). The
microstructure of calcium carbonate can be seen in the SEM micrograph obtained at 2000x
magnification (Figure 4.15), with traces of silica.
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a)

b)

c)

Figure 4. 11. Pure Limestone a) Live map at 2000x magnification obtained using FEI Quanta 3D
FEG dual beam FIB/SEM at 20 kV b) Backscattered Electrons (BSE) micrograph at 2000x
magnification c) EDS elemental map d) Distribution maps of fundamental elements
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Figure 4. 12. Ca and O dominant phase in limestone (a) SEM EDS elemental spectrum (b)
quantification results
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Figure 4. 13. SEM BSE image of pure limestone at 2000x magnification. SO is silicon oxide.
CCO is calcium carbonate. There are traces of potassium oxide
4.2.4. SANDSTONE
For the Sandstone, the SEM live map shows tectosilicates as the majority minerals,
predominantly quartz, with more than 50 % of all the phases present followed by the clay minerals
(Figure 4.16a). The SEM BSE image, Figure 4.16b obtained at a 2000x magnification shows
elongated detrital grain formed by quartz, covered with fine grains of calcite, the boundaries of
which are very clearly visible. The intergranular clay particles, kaolinite, can also be seen in the
SEM BSE image. The EDS elemental map and distribution maps of fundamental elements (Figure
4.16c and Figure 4.16d, respectively) indicate the presence of zirconia and pyrite as well as
location of calcite particles spreading over the quartz minerals. Figure 4.17 and Figure 4.18 show
EDS elemental spectrum and quantification results of two major phases in the sandstone. The
silicon, aluminum and oxygen peaks confirm the identification of kaolinite particles in sandstone.
The four components that make the sandstone can be observed in SEM BSE image (Figure
4.19) the framework grains that are the larger particles, are quartz, along with K-feldspar and
plagioclase, while the matrix (which is identified between framework grains) is kaolinite filling
the interstitial pore space between quartz. The very small calcite crystals make up the cement
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component. These small calcite crystals, sticking to quartz, bind the larger framework grains
together.
a)

b)

(figure cont’d)
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(figure cont’d)
c)

(figure cont’d)
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(figure cont’d)
Figure 4. 14. Pure Sandstone a) Live map at 2000x magnification obtained using FEI Quanta 3D
FEG dual beam FIB/SEM at 20 kV b) Backscattered Electrons (BSE) micrograph at 2000x
magnification c) EDS elemental map d) Distribution maps of fundamental elements

Figure 4. 15. Si, and O dominant phase in sandstone a) SEM EDS elemental spectrum b)
quantification results
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Figure 4. 16. Si, O and Al dominant phase in sandstone a) SEM EDS elemental spectrum b)
quantification results
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Q

Figure 4. 17. SEM BSE image of pure sandstone at 2000x magnification. Pr is pyrite. K is Kfeldspar. Q is Quartz. P is plagioclases. Kl is Kaolinite. C is Calcite. Traces of Zirconia also
identified
4.2.4. CEMENT- LIMESTONE INTERFACE
The SEM live map of cement limestone (Figure 4.20a) shows the boundary between the bimaterial, where the phase composed of calcium and oxygen (in blue) can be clearly separated from
the rest of the phases present. The upper part of the Figure 4.20a shows the different phases that
form the cement while single phase limestone can be seen spread over the majority of the live map.
The porous calcium carbonate grains can be identified in the SEM BSE image obtained at a
magnification of 2000x (Figure 4.20b) as well as the densely packed cement minerals.
The distribution of the elements like silicon, aluminum, potassium, sulphur and iron in only
the top section of the SEM EDS elemental map and the distribution maps of fundamental elements
(Figure 4.20c and Figure 4.20d, respectively) and calcium and carbon in the remaining part of the
map further solidify the location of cement and limestone in the micrographs. The SEM EDS
spectrum and quantification of a major phase in cement (Figure 4.21) is comprised of calcium,
silicon, oxygen, sulphur, and aluminum. The identification of these elements indicate the presence
of C-S-H, portlandite, ettringite and monosulphoaluminate minerals.
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In Figure 4.21, the ration of sulphur to aluminum, greater than one, suggest the existence
of ettringite since sulphur to aluminum ration less than one is suggestive of mononsulphoaluminate
(Diamond, 2004). The observance of calcium carbonate in limestone region (bottom half of the
SEM BSE image, Figure 4.23) is corroborated by the calcium and oxygen peaks in Figure 4.22a
and elements atomic percentage in the quantification results (Figure 4.22b).
The cement-limestone interface boundary and the cement and limestone region are marked
in Figure 4.23. The bright spots observed in the cement region of BSE image are identified as
residual cement or unhydrated cement particles. The calcium silicate clinker comprises of an
amalgam of different crystalline phases which includes dicalcium silicate (belite), tricalcium
silicate (alite), tricalcium aluminate and tetracalcium alumino ferrite. The anhydrous particles of
all these phases are retained in cement pastes because the grains that hydrate completely are the
finer cement particles (Scrivener, 2004). C-S-H developed in phenograin morphology (Diamond,
2004) can be observed in the Figure 4.23. The C-S-H phenograin morphology appear as grains
that are 10um or greater in size and are identified as soft rather than hard particles (Diamond and
Bonen, 1993) and are relatively less porous as seen in the BSE image.
The irregular deposits of portlandite are of different sizes and can be up to several micros
and precipitate as euhedral crystals These portlandite crystals evolve to agglomerates depending
on several factors like hydration age, type of additives present and space present for crystallization.
The cement paste with the passage of time transforms from thin inter-dispersed crystals to formless
characteristics of mature paste (Franus et., al). The distinction between C-S-H and portlandite at
times become difficult in BSE images (Diamond, 2004). Ettringite, having hexagonal needles
morphology can also recrystallize and appear as large masses (Scrivener, 2004). One of the
reasons it is difficult to locate ettringite in BSE image is because it intermixes with C-S-H and
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portlandite (Evangelista and Guedes, 2019). Cracks expanding in the cement section seen in Figure
4.23 can be the associated with the ettringite’s characteristic straight and curved shrinkage induced
crack patterns (Diamond, 2004).

a)

b)

(figure cont’d)
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Fe

Figure 4. 18. Cement-Limestone a) Live map at 2000x magnification obtained using FEI Quanta
3D FEG dual beam FIB/SEM at 20 kV b) Backscattered Electrons BSE micrograph at 2000x
magnification c) EDS elemental map d) Distribution maps of fundamental elements

(figure cont’d)
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(figure cont’d)

Figure 4. 19. Ca, Si, O, S and Al dominant phase in cement-limestone interface a) SEM EDS
elemental spectrum b) quantification results

(figure cont’d)
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(figure cont’d)

Figure 4. 20. Ca and O dominant phase in cement-limestone interface a) SEM EDS elemental
spectrum b) quantification results

Figure 4. 21. BSE SEM image of cement-limestone interface at 2000x magnification. E is
Ettringite. CCO is Calcium Carbonate. R is Residual cement
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4.2.5. CEMENT-SANDSTONE INTERFACE
The SEM live map of cement-sandstone interface (4.24a) shows distinctively the silicon
dominant phases in the bottom half of the map while calcium rich phase spread over the top half. The
SEM BSE micrograph (Figure 4.24b), alone, gives an idea of the quartz and plagioclase crystals in
sandstone located in the lower half the image. The SEM EDS elemental map and maps of fundamental
elements (Figure 4.24c and Figure 4.24d respectively) confirm the distribution of tectosilicates in
sandstone and the location of cement hydrated phases. The SEM EDS spectrum and quantitative results
of the four dominant phases present can be seen in Figure 4.25, 4.26, 4.27 and 4.28. The tall peaks of
silicon, oxygen, calcium and sodium and weight percent of these element in Figure 4.25a and Figure
4.25b confirm the presence of predominant tectosilicates. The EDS elemental spectrum and
quantitative results (Figure 4.26) of silicon, oxygen and aluminum dominant phase is indicative of clay
particles i.e., kaolinite. The SEM EDS spectrum and quantitative results (Figure 4.25) is validation of
quartz whereas Figure 4.28 provides the elemental composition of the hydrated cement. Figure 4.29
shows the SEM BSE images of cement-sandstone interface at different resolutions. The cementsandstone interface boundary appears clearly in SEM BSE image at 500x magnification (4.29a). The
image also reveals the existence of several pores along the interface and cracks that extend to cement
section. These shrinkage cracks observed along the interface grow in the cement due to the variation
in the moisture as the cement shrinks upon drying while cement expansion occurs upon water
absorption.
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Figure 4. 22. Cement-Sandstone a) Live map at 2000x magnification obtained using FEI Quanta
3D FEG dual beam FIB/SEM at 20 kV b) Backscattered Electrons (BSE) micrograph at 2000x
magnification c) EDS elemental map d) Distribution maps of fundamental elements
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Figure 4. 23. Si, Al, O and Na dominant phase in cement-sandstone interface a) SEM EDS
elemental spectrum b) quantification results

84

Figure 4. 24. Si, Al and O dominant phase in cement-sandstone interface a) SEM EDS elemental
spectrum b) quantification results
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Figure 4. 25. Si and O dominant phase in cement-sandstone interface a) SEM EDS elemental
spectrum b) quantification results
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Figure 4. 26. Ca, Si and O dominant phase in cement-sandstone interface a) SEM EDS elemental
spectrum b) quantification results

87

a)

b)

c)

d)

Figure 4. 27. SEM BSE micrograph at a) 500x b) 2000x c) 2000x d) 10000x magnification.
E is Ettringite. Q is Quartz. CSH. K is K-feldspar. Pl is Plagioclases
4.2.6. CEMENT-SHALE INTERFACE
For the analysis of cement-shale interface, the SEM live map (Figure 4.30a), shows the different
phases involved in the composition of the cement and rock but does not distinctively define the
interface between the two. When compared to the SEM BSE images of cement-sandstone and
cement-limestone the cement-shale SEM BSE micrograph obtained at 2000x magnification
(Figure 4.30b) is not very helpful in distinguishing the two composites under study, although the
large tectosilicate minerals in the shale can be observed on the bottom of the SEM image. However,
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the SEM EDS elemental map and the distribution maps of fundamental elements play a significant
part in determining the placement of shale and cement as well as the minerals present.
The SEM EDS elemental map of cement (Figure 4.4c) showed calcium as the dominant
element, 59 percent, followed by silicon with 15 percent, while the SEM EDS elemental map of
shale (Figure 4.9c) revealed higher percentage of silicon with calcium in second place, 40 and 15
percent respectively. It is evident from these maps that cement has higher calcium content while
shale has greater amount of silicon. From the cement-shale elemental map its evident that the
bottom center section of the map is rich in silicon, suggestive of quartz, plagioclase and or Kfeldspar, while calcium is spread over the remaining part. The SEM analysis of cement i.e., live
map (Figure 4.4a), EDS elemental distribution (Figure 4.4c) and distribution maps of fundamental
elements (Figure 4.4d) showed no presence of magnesium while it appeared as one of the primary
elements in the SEM analysis of shale (Figure 4.9a, Figure 4.9c and Figure 4.9d). Therefore, the
appearance of magnesium in Figure 4.30c and Figure 4.30d is indicative of mineral dolomite in
shale rock.
The SEM BSE image obtained at 250x magnification (Figure 4.34a) reveals the cementshale boundary, and the microstructural characteristics of shale and cement can be seen in Figure
4.34b. The organized features observed in cement can be attributed to the fact that it is an
engineered product as compared to the irregular features in shale rock. Porosities observed in both
cement and shale had approximately same sizes and might have been augmented due to the drying
process for SEM imagining, causing shrinkage of swelling clay particles.
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Figure 4. 28. Cement-Shale a) Live map at 2000x magnification obtained using FEI Quanta 3D
FEG dual beam FIB/SEM at 20 kV b) Backscattered Electrons (BSE) micrograph at 2000x
magnification c) EDS elemental map d) Distribution maps of fundamental elements
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Figure 4. 29. Si, Al, O and K dominant phase in cement-shale interface a) SEM EDS elemental
spectrum b) quantification results

92

Figure 4. 30. Ca, O, Si and Mg dominant phase in cement-shale interface a) SEM EDS elemental
spectrum b) quantification results
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Figure 4. 31. Si, Ca and O dominant phase in cement-shale interface a) SEM EDS elemental
spectrum b) quantification results
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a)

b)

Cement – shale
interface
Figure 4. 32. SEM BSE image of cement-shale interface at a) 250x b) 2000x magnification. D is
Dolomite. Q is quartz. K is K-Feldspar
4.3. MICROHARNDESS
Vickers micro-hardness tests performed were performed on cement-shale, cementlimestone and cement-sandstone, for a total of six set of samples, two of each type. The test load
used for determining the hardness values of cement, shale, sandstone and cement-sandstone
interface was 500gf while a force of 300gf was used for limestone and cement-limestone. The
dwell time for all the hardness tests performed was 15 seconds.
4.3.1. SANDSTONE
The hardness values for the two cement-sandstone samples are listed in table 4.3 and 4.7.
For sandstone, the average of four hardness values of the first sample and second sample were:
9.86GPa and 9.90GPa respectively, while for the cement it was 0.82GPa and 0.72GPa. Average
hardness values of 2.17GPa and 2.11GPa were acquired for the cement-sandstone interface. The
measured indents’ lengths for sandstone, cement and interface, used to calculate the hardness
values for the cement-sandstone samples are listed in table 4.4, 4.5, 4.6, 4.8, 4.9 and 4.10.
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4.3.2. SHALE
For the first cement-shale sample the average of four hardness values for the shale rock
was 1.92GPa, while for the cement, average of four hardness values was 0.75GPa (table 4.11).
Similarly for the second cement-shale sample the average hardness value of shale was 2.16GPa
whereas for cement it was 0.65GPa (table 4.14). Two different loads, 500gf and 300gf, were used
to obtain the cement-shale interface hardness values. The interface fractured for both the loads
making it impossible to measure the indent diagonals’ lengths. From the structural perspective, the
primary component that governs the brittle and ductile nature of the rock are the minerals present
composing it. The general understanding is that weak or ductile minerals normally have lower
brittle characteristic of the rock while strong minerals enhance and promote the brittle nature.
(Jarvie et al., 2007; Jin et al., 2014; Rybacki et al., 2016; Wang and Gale, 2009)) classified silicate
minerals i.e., quartz and feldspar as strong minerals. In another attempt Du and Radonjic (2019),
categorized shale minerals in three divisions, soft grain, medium grain and rigid grains, according
to their mechanical strength. Clay minerals were grouped under the solid grains whereas silicates
as well as calcite and illite under medium grains. Pyrite, chlorite and other metal oxide and sulfides
were termed as rigid grains. The brittleness of the rocks may vary significantly despite having the
same percentage of porosities and similar mineral content because of undergoing chemical and or
physical diagenetic processes (Heidari et al., 2014; Vajdova et al., 2012; Yilamaz et al., 2009).
This is suggestive of the fact that mineral composition, alone, cannot be a factor used to estimate
the brittle characteristic and it might be important to also examine the rock minerals texture and
environmental conditions. The measurements of indents’ diagonals for shale and cement, used to
calculate the hardness values for the cement-shale samples are listed in table 4.12, 4.13, 4.15 and
4.16.

96

4.3.3. LIMESTONE
The Vickers hardness values obtained for the two cement-limestone samples can be seen in table
4.18 and 4.21. Using test load of 300gf for the limestone the average micro-hardness values were
0.87GPa and 0.95Gpa while 0.77GPa and 0.71GPa was noted for cement. The indent diagonals on
the interface of cement and limestone were not detected since the indent was too large and irregular
in shape. The rock’s chemical nature and surface can have an impact on the nature and
development of cement hydrate products (Ollivier et al., 1995). Zimbelmann (1985) deduced that
at cement-limestone interface an additional adhesion grows. This can be a possible causation of
the plastic deformation observed at the interface leading to a large irregular indent. In addition,
based on the geochemical interaction at cement limestone interface, Hussin and Poole (2010)
determined that limestone promote the cement hydration process and diffusion of elements from
both, cement and rock, at the interfacial transition zone. The length of diagonal used in calculation
of cement-limestone hardness values are shown in table 4.19, 4.20, 4.22 and 4.23.
The common trend observed in all the cement-rock hardness values was when the average
hardness value of a rock for one sample increased the corresponding cement hardness value
decreased. For example, when the sandstone average hardness value increased from 9.86GPa in
sample 1 to 9.9GPa in sample 2, the corresponding cement value decreased from 0.82GPa in
sample 1 to 0.72GPa in sample 2. Likewise for shale, when the rock average hardness value
increased from sample 1 to sample 2 i.e., from 1.92GPa to 2.16GPa, respectively, the
corresponding cement values in the two samples decreased from 0.75GPa to 0.65GPa. The same
relation exists between the average hardness values of the two cement and limestone samples.
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Table 4. 3. Cement Sandstone sample 1 Vickers micro-hardness values
Surface
Rock
940.4
Cement 81.4
Interface 209.3

Sandstone-Cement
HV (H)
Average
Hardness (HV)
967.9 1016.6 1094.9 1004.95
105.4 75.3
72.9
83.75
246.6 214
191.1
215.25

Average
Hardness (GPa)
9.86
0.82
2.17

Table 4. 4. Cement Sandstone sample 1 Vickers indent dimensions on sandstone and
corresponding hardness value
Rock HV (H)
1.
2.
3.
4.
Avg

940.4
967.9
1016.6
1094.9
1004.95

Hardness
(MPa)
9.22
9.49
9.97
10.74
9.86

D1 (um)

D2 (um)

29.5
31.6
30.4
26.5

33.3
30.3
30
31.7

Table 4. 5. Cement Sandstone sample 1 Vickers indent dimensions on cement and
corresponding hardness value
Cement HV (H)
1.
2.
3.
4.
Avg

81.4
105.4
75.3
72.9
83.75

Hardness
(MPa)
0.79
1.03
0.73
0.72
0.82

D1 (um)

D2 (um)

109.2
102.6
123.4
112.1

104.2
85
98.5
113.5

Table 4. 6. Cement Sandstone sample 1 Vickers indent dimensions on interface and
corresponding hardness value
Interface HV (H)
1.
2.
3.
4.
Avg

209.3
246.6
214
191.1
215.25

Hardness
(MPa)
2.05
2.41
2.36
1.87
2.17
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D1 (um)

D2 (um)

71.7
57.8
71.5
63.9

61.4
64.8
59.9
75.3

Table 4. 7. Cement Sandstone sample 2 Vickers micro-hardness values
Surface
Rock
Cement
Interface

925.6
70.5
197.9

Sandstone-Cement
HV (H)
Average
Hardness (HV)
990.2 1069
1054.6 1009.85
76.8
66.2
80.4
73.48
274.2 176.4 209.7 214.55

Average
Hardness (GPa)
9.90
0.72
2.11

Table 4. 8. Cement Sandstone sample 2 Vickers indent dimensions on sandstone and
corresponding hardness value
Rock HV (H)
1.
2.
3.
4.
Avg

925.6
990.2
1069
1054.6
1009.85

Hardness
(MPa)
9.08
9.71
10.48
10.34
9.90

D1 (um)

D2 (um)

31.7
30.2
29.8
30.9

31.6
31
29.1
28.4

Table 4. 9. Cement Sandstone sample 2 Vickers indent dimensions on cement and
corresponding hardness value
Cement HV (H)
1.
2.
3.
4.
Avg

70.5
76.8
66.2
80.4
73.48

Hardness
(MPa)
0.69
0.75
0.65
0.79
0.72

D1 (um)

D2 (um)

110.6
113.9
114.2
102.2

122.3
105.8
122.4
102.2

Table 4. 10. Cement Sandstone sample 2 Vickers indent dimensions on interface and
corresponding hardness value
Interface HV (H)
1.
2.
3.
4.
Avg

197.9
274.2
176.4
209.7
214.55

Hardness
(MPa)
1.94
2.69
1.73
2.06
2.11
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D1 (um)

D2 (um)

59.7
60.2
64.5
60.4

77.2
56.1
80.5
72.6

Table 4. 11. Cement Shale sample 1 Vickers micro-hardness values
Shale-Cement
Surface
Rock
Cement
Interface

HV (H)

Average
Hardness (HV)
237
162.4 205
178.4
195.7
80.8
71.3
81.1
71.7
76.2
Fractures the surface at 300 & 500 gf

Average
Hardness (GPa)
1.92
0.75

Table 4. 12. Cement Shale sample 1 Vickers indent dimensions on shale and
corresponding hardness value
Rock HV (H)
1.
2.
3.
4.
Avg

237
162.4
205
178.4
195.7

Hardness
(MPa)
2.32
1.593
2.01
1.75
1.92

D1 (um)

D2 (um)

66.4
79.1
73.2
73.1

58.7
72
61.3
71.1

Table 4. 13. Cement Shale sample 1 Vickers indent dimensions on cement and
corresponding hardness value
Cement HV (H)
1.
2.
3.
4.
Avg

80.8
71.3
81.1
71.7
76.22

Hardness
(MPa)
0.79
0.70
0.8
0.70
0.75

D1 (um)

D2 (um)

132.1
133.7
114.2
119.8

82.8
114.4
99.6
107.7

Table 4. 14. Cement Shale sample 2 Vickers micro-hardness values
Shale-Cement
Surface
Rock
Cement
Interface

HV (H)

Average
Hardness (HV)
175
261.9 211.2
231.8
220.0
68.4 61.8
64.1
72.1
66.6
Fractures the surface at 300 & 500 gf

100

Average
Hardness (GPa)
2.16
0.65

Table 4. 15. Cement Shale sample 2 Vickers indent dimensions on shale and
corresponding hardness value
Rock HV (H)
1.
2.
3.
4.
Avg

175
261.9
211.2
231.8
220.0

Hardness
(MPa)
1.72
2.57
2.07
2.27
2.16

D1 (um)

D2 (um)

62.7
60.6
63.1
64

82.5
58.4
69.4
62.5

Table 4. 16. Cement Shale sample 2 Vickers indent dimensions on cement and
corresponding hardness value
Cement HV (H)
1.
2.
3.
4.
Avg

68.4
61.8
64.1
72.1
66.6

Hardness
(MPa)
0.67
0.61
0.63
0.71
0.65

D1 (um)

D2 (um)

111.3
113.3
107.9
122

120.9
130.7
132.1
140.6

Table 4. 17. Cement Limestone sample 1 Vickers micro-hardness values

109

Limestone-Cement
HV (H)
Average
Hardness (HV)
85.4
99.2
61.6
88.8

Average
Hardness (GPa)
0.87

80.2

79

0.77

Surface
Rock
(300 gf)
Cement
(500gf)
Interface

66.2

87.8

78.3

Indent very large and irregular at 300 gf and 500 gf on interface

Table 4. 18. Cement Limestone sample 1 Vickers indent dimensions on limestone and
corresponding hardness value
Rock HV (H)
1.
2.
3.
4.
Avg

109
85.4
99.2
61.6
88.8

Hardness
(MPa)
1.07
0.84
0.97
0.60
0.87

101

D1 (um)

D2 (um)

74.7
84.2
76.1
100

68.2
77.2
73.7
90

Table 4. 19. Cement Limestone sample 1 Vickers indent dimensions on cement and
corresponding hardness value
Cement HV (H)
1.
2.
3.
4.
Avg

80.2
79.0
66.2
87.8
78.3

Hardness
(MPa)
0.79
0.77
0.65
0.86
0.77

D1 (um)

D2 (um)

108.9
109.1
114.3
105.4

106.1
107.6
122.4
99.9

Table 4. 20. Cement Limestone sample 2 Vickers micro-hardness values

95.3

Limestone-Cement
HV (H)
Average
Hardness (HV)
87.4
101.7 104.7 97.3

Average
Hardness (GPa)
0.95

65.7

79.2

0.71

Surface
Rock
(300 gf)
Cement
(500gf)
Interface

61.5

82.7

72.3

Indent very large and irregular at 300 gf and 500 gf on interface

Table 4. 21. Cement Limestone sample 2 Vickers indent dimensions on limestone and
corresponding hardness value
Rock HV (H)
1.
2.
3.
4.
Avg

95.3
87.4
101.7
104.7
97.3

Hardness
(MPa)
0.94
0.86
0.99
1.00
0.95

D1 (um)

D2 (um)

103.5
112.0
99.3
135.9

92.7
93.6
92.3
108.1

Table 4. 22. Cement Limestone sample 2 Vickers indent dimensions on cement and
corresponding hardness value
Cement HV (H)
1.
2.
3.
4.
Avg

65.7
79.0
61.5
82.7
72.28

Hardness
(MPa)
0.79
0.77
0.65
0.86
0.71

102

D1 (um)

D2 (um)

113.5
110.5
122.4
110.1

100.9
106.9
114.0
95.7

4.4. DISCUSSION
The primary goal of this study was to enhance the understanding of high-density cement
bonding with three rock types i.e., shale, sandstone and limestone, using different mechanical
and analytical techniques. The extensive microstructural and mechanical characterization of the
rock-cement interface helped in evaluating the bond strength of high-density cement with
different rocks, consequently revealing the compatibility of cement with each rock type. The
results of this work, providing information on the nature and adequateness of cement bond with
different rocks, can be utilized in plug and abandonment (P&A) and carbon capture and
sequestration (CCS) processes.
A good cement-rock bond is required in, both, P&A and CCS, to prevent creation of any
leakage path at the rock-cement interface. In P&A the apprehension of the cement bonding with
subsurface formation rock is vital for the improvement of cement performance in plugged and
abandoned wells. A weak cement bond with subsurface rock will cause a microannulus at the
interface leading to poor zonal isolation and impacts on the environment. Similarly, in geological
sequestration of carbon dioxide, poor bonding between cement and rock will result in a
compromised seal causing carbon dioxide to leak into upper formations. Therefore, the findings
of this study are relevant to, both, P&A of wells and storing carbon dioxide securely in geologic
formations, in order to attain zonal isolation by achieving an adequate cement-rock bond.
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5. CONCLUSION
The conclusion and observations of this work are:
1. The SCBT mode I fracture toughness calculated using the stress intensity factor was higher
for the cured cement-sandstone bi-material, as compared to cement-shale and cement
limestone samples. Significant variance was observed in the fracture toughness of the
cement-shale samples. The peak load at which cement-limestone sample fractured was
lower than the cement-sandstone and fell in the wide range of the cement-shale maximum
load values.
2. SEM analysis of pure cement showed that C-S-H was the major phase in cement followed
by portlandite, also observed was a fair distribution of iron ettringite. Calcium was the most
dominant element, distributed throughout the cement.
3. Mineralogical composition obtained from SEM results for shale revealed higher silicon,
aluminum and oxygen content. This indicated a greater number of tectosilicates (quartz,
plagioclases and K-feldspar) minerals as compared to clay minerals, identifying shale as a
brittle hydrocarbon source rock and not a sealing cap rock.
4. SEM elemental map and phase analysis live map for limestone reported almost 90 percent
calcium and oxygen while for sandstone over 50 percent of the composition contained
silicon and oxygen. The higher number of calcium and oxygen implied calcite majority in
limestone. Sandstone, apart from silicon rich minerals, also included rigid grains such as
pyrite.
5. The cement-rock boundary was clearly identified in SEM BSE images at 2000x
magnification, for cement-sandstone and cement-limestone samples due to the several
factors which include, difference in grain size in the two bonded materials, degree of grains
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packing and the difference in minerals morphology of the two composites. The cementshale interface was indistinguishable at lower SEM BSE image resolutions. Amongst the
three rocks, shale resembled cement the most in terms of, the grains arrangement and
network distribution, porosity and microstructure of the material.
6. The hardness values of sandstone were the largest amongst the three rocks while that of
limestone were the smallest. The most difference in the hardness values of the three rocks
with the cement was of sandstone whereas limestone and cement had the least difference
in the hardness values. The cement-shale interface fractured at different micro-hardness
testing loads. In contrast, the cement-limestone interface was ductile, and the indent
produced was very large and of irregular shape.
7. The interdependence of rock and cement hardness was observed. Increased rock hardness
from one sample to another showed a decrease in cement hardness from one sample to
another. This trend was observed in all three bi-material samples i.e., cement-sandstone,
cement-shale and cement-limestone.
8. The observed difference in micro-hardness characteristics/behavior between single
material (i.e., cement or rock) and bi-material region (cement-rock interface) is
demonstrative of the fact that cement interacts with the surrounding rock causing chemical
and mineralogical changes at the interface, hence, the different between hardness results at
the cement-rock interface and the single material.
9. Mineral composition, alone, is not sufficient to determine the ductile/brittle nature of the
rock and other factors e.g., environmental conditions (physical or chemical diagenesis),
porosity or voids’ percentage, preexisting fractures and minerals’ textures also contribute.
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10. The interdependence of the microstructural features and the geomechanical and
geochemical variations is observed with the combination of micro-hardness testing and
SEM/EDS/BSE.
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